Introduction
Epithelia extend in size during embryogenesis, self-organize into structures such as tubes or villi, and maintain homeostasis once they have attained their adult dimensions by actively adapting to the environment -a characteristic of intelligent or 'smart' materials. Exactly how individual epithelial cells function together as a tissue is of intrinsic scientific interest and -because most human cancers arise from epithelia -is also of great medical importance.
First, however, we should briefly consider the origin of epithelia. Most in vitro studies use clonal populations of epithelial cells that divide indefinitely in culture, but in vivo many (though not all) epithelia arise from local populations of stem cells that generate highly proliferative progenitors. These progenitors in turn give rise to fully differentiated epithelial cells that often cease to proliferate, but in some tissues continue to divide or do so in response to specific changes in the environment in order to maintain homeostasis. Because of this developmental mechanism, epithelial cell lines grown in culture might often be more representative of the progenitor/transit-amplifying cell type than of the fully differentiated epithelial cell type. It is not immediately obvious why epithelia are maintained by stem cell divisions rather than from simple self-renewal, but one likely factor is the continuous exposure of many epithelia to genotoxic agents present in the environment, such as chemicals, radiation and viruses. A protected pool of stem cells can replace damaged tissues with new, undamaged cells in a way that would not be possible if all the cells in an epithelium had an equal chance of proliferating. The functions of some highly differentiated epithelial cells might also be incompatible with cell division.
This review considers the various mechanisms through which epithelia adapt to their environment, and respond to instructive signals to create the multiple tissues that comprise much of the animal body plan.
Epithelial Proliferation and Collective Behavior
Localized cell proliferation, cell movement, and apoptosis all contribute to tissue architecture during development, and a key question is how such processes are instructed. How are collective decisions made by an epithelial sheet? Emphasis has traditionally been placed on pre-existing gradients of soluble factors (morphogens) that provide the necessary positional and temporal information. However, there are many examples of self-organization that occur in the presence of homogeneous external signals, such as the development of enteroids or mini-guts from single stem cells in 3D cultures [1] . In vivo, the development of Drosophila epithelial wing imaginal discs was thought to require an instructive gradient of secreted Wnt, but flies expressing a membranetethered form of the ligand are able to develop normally [2] . Intrinsic cues for self-organization include local signaling, apical-basal polarity, planar cell polarity (PCP), and mechanical forces generated by neighboring cells or by attachment to the extracellular matrix (see Box 1 for a glossary of terms). Examples of local signaling include the activation of Notch by Delta and Ephrin-Eph bidirectional signaling between adjacent cells. Short-range signaling through Hedgehog can also have local effects.
PCP organizes epithelial cells with respect to an extrinsic axis of symmetry and provides the clearest example of tissue organization through collective behavior. Two sets of genes drive PCP in Drosophila -the Dachsous (Ds)-Fat (Ft) system and the Frizzled (Fz)-Flamingo (Fmi) system -and these regulators can interact with one another [3, 4] . Ds, Ft and Fmi are cadherins, whereas Fz is a Wnt receptor. Both systems involve local signaling through morphogen gradients that are interpreted by intercellular associations, mediated by either Ds-Ft or Fmi-Fmi interactions, which polarize the cells in particular directions. Structural asymmetries are important in orienting features such as bristles, while asymmetric cell movements shape organs, for example, during axis elongation in Drosophila [5] , gastrulation, neural tube closure, and many other developmental processes. Apicalbasal polarity proteins contribute to PCP [6] and can also contribute to supercellular organization of tissues through apical constriction, which bends the epithelial sheet.
A key signaling pathway involved in PCP downstream of the Ds-Ft system is the Hippo pathway, first identified in Drosophila but conserved in vertebrates [4] . Hippo controls cell proliferation, and its output is executed through the transcription factor Yorkie (YAP and TAZ in mammals). Interestingly, however, YAP and TAZ also respond, independently of Hippo, to mechanical cues [7] . Stretching of epithelial cells or increasing extracellular matrix (ECM) stiffness, for example, increases cytoskeletal contractility, which activates YAP/ TAZ signaling and induces cell proliferation ( Figure 1A ) [7] . Exactly how this works at the molecular level remains unclear, but tension transduction through a-catenin might play a key role [8] . Stretching forces act on E-cadherin to induce a conformational change in a-catenin that recruits vinculin, stabilizing a-catenin through links to actin (Figure 1B) . Because YAP/TAZ can bind to a-catenin [9] , we speculate that this mechanism might be important in regulating its activity. Notably, while important for normal morphogenesis, this response to mechanical forces becomes problematic in carcinomas, where transformed cells generate stiff, high-collagen environments that promote proliferation.
Expansion of epithelial sheets requires that the cells must divide, even while retaining contact with one another, in order to preserve the integrity of the sheet. Thus, at low density, epithelial cells must be able to ignore or circumvent contact inhibition ( Figure 1C ). However, as the cells become more crowded, actin capping and severing proteins disassemble stress fibers, adherens junctions become more flexible, and the YAP/TAZ transcription factors are inactivated, blocking cell proliferation. In addition, intercellular engagement of E-cadherin triggers YAP phosphorylation and inactivation [10] . Other inhibitory mechanisms include the sequestration of cell-cycle proteins at the tight junctions [11] .
Strikingly, compression of epithelial cells, as might occur through overproliferation or through mechanical deformations, can result in active extrusion and apoptosis, as is discussed in the next section ( Figure 1D ). Epithelial sheets can respond to changes in mechanical forces or to environmental cues, therefore, through proliferation, migration, planar polarization, quiescence or extrusion, leading to self-organization into specific structures, growth to the correct size, and maintenance of homeostasis.
Cell Extrusion from Epithelial Sheets
Epithelial integrity is essential to prevent the unregulated leakage of materials across the barrier created by intercellular adhesions and junctions between epithelial cells. Because epithelia are constantly being damaged by environmental insults or intrinsic defects, robust mechanisms have evolved to eliminate damaged cells while maintaining this barrier. We can imagine two distinct mechanisms for elimination of damaged cells by their neighbors -extrusion or engulfment. However, although some evidence had suggested that engulfment drives the process of cell competition [12] , extrusion appears to be the more common process in epithelial homeostasis [13] . Extrusion is employed to reduce crowding in an epithelial layer and during normal morphogenesis; in these cases the cells are still alive when extruded. Extrusion also occurs at areas of high cell density at fin edges of zebrafish and at the tips of intestinal villi [14] . Extrusion is apical in these two examples, but embryonic neuroepithelial cells in Drosophila larvae delaminate in a basal direction to generate neuroblast stem cells, and epithelial cells also extrude basally during dorsal closure of the embryo [14, 15] .
Why extrusion is preferred over engulfment is unknown. Additionally, it is unclear how the polarity of extrusion is chosen, although the signaling pathways involved are beginning to be uncovered. Using Madin Darby canine kidney (MDCK) epithelial cells in 2D cultures, Rosenblatt and colleagues [16] showed that early apoptotic cells produce and release the bioactive lipid sphingosine-1-phosphate (S1P), which activates actomyosin contraction in neighboring cells through Ga 12/13 -coupled receptors ( Figure 2 ). It is not yet known how apoptotic signals trigger S1P release. S1P receptors stimulate Rho-GTP formation through the exchange factor p115 RhoGEF, with consequent activation of the Rho effector kinase ROCK and phosphorylation of myosin light chain [17] . Microtubules direct p115 RhoGEF to the basal region of the epithelial cells, to activate actomyosin contraction and induce apical extrusion. The adenomatous polyposis coli (APC) protein, which binds to and stabilizes the plus ends of microtubules, is required for basal actomyosin contraction [18] . Expression of a truncated, oncogenic form of APC disrupts this polarity, resulting in basal extrusion.
Recently, live-cell extrusion from epithelial sheets has been observed in situations of overcrowding both in vitro and in vivo [19] . A stretch-activated ion channel, Piezo1, generates the signal responsible for extrusion, again mediated through S1P, Rho-ROCK, and actomyosin contraction in neighboring cells. However, the link between Piezo1 and S1P remains unknown. In a separate study, using the Drosophila notum as a model of cellular overcrowding, Marinari et al. [20] recently demonstrated that transiently overcrowded cells are stochastically delaminated in a basal direction along the midline. Perturbations that either enhance or reduce the activity of the phosphatidylinositol 3-kinase (PI3K) pathway confirmed that cell growth and density profoundly influences cell delamination. Furthermore, a mathematical model composed of compressibility, junctional tension and contractility successfully simulated effects on cell density to cause cell delamination from the epithelium as seen in vivo. Additionally, cellular anisotropy also promotes delamination. Cell extrusions under these circumstances are thought to occur independently of cell death; however, mechanical stress on the extruding cells might activate Jun N-terminal kinase (JNK), which could trigger apoptosis [19, 21] .
Cell shedding seems to be a conserved feature of multicellular animals, as highlighted by its recent discovery in the nematode Caenorhabditis elegans [22] . A subset of cells that are developmentally programmed to die can be extruded and subsequently undergo apoptosis in the absence of all caspases, through a pathway that requires the polarity protein and kinase Par4. The mammalian homologue of Par4 is LKB1, an important tumor suppressor that functions as a master regulator of 13 downstream protein kinases. One target of Par4/LKB1 is AMP kinase (AMPK), which controls cell metabolism and is also required for cell extrusion [22] . Downstream effectors of AMPK in this extrusion mechanism are not yet known, and it also remains to be determined whether this back-up system for the removal of unwanted cells operates in other organisms. Of potential importance is the recent discovery that the Hippo pathway is negatively regulated by LKB1, but through the Par1 protein kinase downstream of LKB1, rather than through AMPK [23] .
Is cell extrusion connected to tumorigenesis? If the transformed cells are resistant to apoptosis, extrusion could in principle provide a mechanism for escape from the epithelium without the cells undergoing an epithelial-mesenchymal transition (EMT). Also, might extrusion itself contribute to the transformed phenotype? Does the environment within the epithelial sheet restrict cell behavior, forcing the cells to conform to the needs of the tissue in which they are embedded? Concerning this latter idea, an interesting experiment would be to block caspase activation in epithelial cells that are destined to be shed during development, hence inhibiting their apoptosis. Would such cells, released from the constraints of the epithelial sheet, begin to hyperproliferate or lose epithelial character? The experiments described in the next section, on the formation of mesenchymal-like masses from cells that have escaped the epithelium by spindle misorientation, suggest that this fate is quite likely, and that cell death through anoikis is crucial in preventing this dangerous occurrence. As for the extrusion of tumor cells, it is known that when MDCK cells expressing oncogenic Ras are mixed with wild-type cells in vitro, the Ras-transformed cells are either apically extruded or -more frequently -generate basal protrusions and invade the underlying ECM [24] . Basal extrusion appears to be triggered by Ras-dependent, autophagy-driven destruction of S1P [25] , which blocks the apical pathway. However, extrusion of transformed cells has not yet been demonstrated to occur during cancer initiation in vivo.
Spindle Orientation in Epithelia
Mitotic spindle orientation dictates the cell division plane, which is critical to the morphogenesis of many tissues. For an epithelial sheet, division along each of the three orthogonal axes will have different consequences. Division on the z axis, perpendicular to the sheet, will generate multiple cell layers, while division along the x axis or y axis, parallel to the sheet, will lengthen or widen the sheet, relative to the overall body axis ( Figure 3A ). For example, cell divisions of the zebrafish dorsal ectoderm are oriented at gastrulation so as to elongate the body axis [26] . If the sheet is rolled into a tube, longitudinal (x) or axial divisions (y) will lengthen the tube, as occurs during renal tubule development [27] , or increase its diameter, respectively ( Figure 3B ). These directionalities are controlled by different systems: z axis division by the apical-basal polarity machinery, and x/y parallel divisions by the PCP machinery.
It is important to note, however, that alternative mechanisms involving random division planes can in principle generate the same outcomes as those resulting from oriented cell divisions. For example, the lengthening of an epithelial sheet can occur through cell intercalation via a process called convergent extension [28] , which occurs during gastrulation ( Figure 3C ). Likewise, extension of a singlelayered epithelial sheet does not in principle require parallel divisions; although random orientation of mitosis in the z axis would create multiple cell layers, this could be resolved by migration of the upper, out-of-plane daughters back into the original layer ( Figure 3D ). This is not so easy to accomplish because, when an epithelial cell divides in the perpendicular direction, only the upper daughter will inherit an apical surface. If an upper cell integrates itself fully into the existing layer, the lower daughter will become exposed to the environment, and must create a new apical cortex de novo. An alternative scenario is that a new lumen, lined by apical membrane, forms between the upper and lower daughter cell prior to re-integration, but the upper daughter would then have two apical domains initially, at opposite poles of the cell, and these would have to be amalgamated into one in order for the cell to integrate fully into the epithelial sheet. One remarkable example of re-integration has been observed during kidney development, whereby cells at the tip of the ureteric bud partially delaminate from the epithelium into the lumen of the bud, where they divide [29] . One daughter remains attached to the basement membrane by a stalk and quickly reinserts after mitosis, and the other, unattached daughter also reinserts into the epithelium, but several cell diameters away from its sibling. In this situation, therefore, mitotic spindle orientation plays no role in epithelial expansion. We do not know whether similar mechanisms occur in other tissues or why some tissues choose to use spindle orientation during morphogenesis while others do not.
How is the plane of cell division determined? The process must involve a link between the mitotic apparatus and specific domains of the cell cortex -either to the lateral domains of cells undergoing divisions in the plane of the epithelial sheet, or to the anterior-posterior or left-right domains in divisions controlled by the PCP machinery. The astral microtubule array, which emanates from the spindle poles such that the microtubule plus ends can attach to the cell cortex, fulfills this requirement [30] . Because the mitotic apparatus acts as a rigid body, these microtubule tethers can hold the apparatus in a particular orientation. Motors such as kinesins or dynein could additionally apply force to rotate and hold the apparatus under tension in the correct orientation.
Is this in fact how the plane of cell division is controlled? Much of the early work on mitotic spindle orientation was performed on the C. elegans zygote [31] , and on Drosophila stem cells, specifically embryonic neuroblasts and sensory organ precursor (SOP) cells [32] . During the first cell division of the C. elegans embryo the mitotic spindle apparatus undergoes a stereotypical 'rocking' motion and moves towards the posterior end of the cell, so that cytokinesis results in two unequally sized cells with different cell fates [33] . Lasermediated severing of microtubules demonstrated that the mitotic spindle in the one-cell C. elegans embryo is positioned by unequal forces pulling on astral microtubules, with more force generators at the posterior aster relative to the anterior aster [34] . An unexpected discovery was the involvement of G-protein a subunits in spindle positioning. Ga is associated with the plasma membrane, and becomes enriched at the posterior end of the cell during anaphase. It recruits two proteins, GPR-1/2 and LIN-5, which couple astral microtubules to the Ga subunit. The actin cytoskeleton helps anchor this complex at the cortex, and dynein provides the pulling force that positions the spindle. Elegant in vitro studies have demonstrated that dynein captures the microtubule plus ends and triggers microtubule shrinkage, which generates the pulling force [35] .
This G-protein-based complex is conserved throughout the animal kingdom. The Drosophila homologues for GPR and LIN-5 are Pins (partner of Inscuteable) and Mud, respectively, while in mammals the homologues are LGN and NuMA [36, 37] . GPR, Pins and LGN possess similar domain structures, with carboxy-terminal GoLoco motifs that bind to Ga-GDP, and amino-terminal tetratricopeptide repeat (TPR) motifs that interact with LIN-5, Mud or NuMA ( Figure 4A ). The level of similarity between LIN-5, Mud and NuMA is very low at the amino-acid level and was unrecognized for several years. Nonetheless the proteins are functionally conserved. Both Mud and NuMA can bind to microtubules directly, as well as to dynein, and can enhance microtubule polymerization ( Figure 4A ). They also associate with centrosomes and play a role in spindle pole organization, possibly through a distinct protein complex that includes the intracellular calcium-binding protein calmodulin and the Asp/ASPM-1 protein [38] .
During interphase the Pins/LGN protein adopts a closed conformation with only a low affinity for Ga and is distributed diffusely in the cytoplasm [39] . Mud/NuMA on the other hand is sequestered in the nucleus ( Figure 4B ). Breakdown of the nuclear envelope at the beginning of mitosis enables Mud/ NuMA to associate with Pins/LGN, triggering a conformational switch to an open conformation that can bind Ga [39] . This co-operative interaction drives recruitment of the complex to the cell cortex, where it can tether astral microtubules ( Figure 4C ). Exactly how tethering is established remains to be fully understood, because the binding site on NuMA for microtubules overlaps with that for LGN and binding is mutually exclusive [40] . Dynein binding -to NuMA and also to LGN [41] -and NuMA oligomerization might both play roles in tethering.
Several recent studies have identified an important and unexpected switch in the composition of the NuMA complex that occurs during the transition from metaphase to anaphase and functions both to center and to elongate the spindle [42] [43] [44] . This transition promotes both NuMA and dynein accumulation at the cell cortex, independently of LGN. The NuMA carboxy-terminal region can bind both to the 4.1G/R cytoskeletal protein ( Figure 4B ) and to phosphoinositides. Contrary to an earlier proposal [40] , the 4.1 protein is not involved directly in NuMA cortical attachment, but is necessary for actin cytoskeleton integrity at the cortex, which in turn is needed for NuMA attachment [44, 45] . Cortical attachment also requires phosphoinositide binding to NuMA [45] . During metaphase, NuMA is phosphorylated by cyclin-dependent kinase 1/2 on T2055, which negatively regulates cortical attachment, possibly by inhibiting lipid binding, and is dephosphorylated in anaphase, driving increased attachment. It remains unclear exactly how and why NuMA is dissociated from the LGN complex at the end of metaphase.
NuMA is also phosphorylated during mitosis by the Abl1 tyrosine kinase, on Y1774 (a residue absent from Mud and LIN-5) [46] . This modification is important for maintenance of the cortical attachment of NuMA during metaphase, and disruption of Abl1 function causes spindle orientation defects. However, the molecular basis for cortical attachment remains unclear, especially as Y1774 phosphorylation does not seem to alter LGN binding to NuMA.
Polo-like kinase (Plk1), which is localized to the spindle poles, also regulates spindle orientation, by inhibiting the interaction between NuMA-LGN and dynein-dynactin [47] , but the target of Plk1 is not yet known. Additionally, high levels of the GTP-bound form of the small GTPase Ran in the vicinity of the chromosomes displace NuMA from the cortex, helping to generate an asymmetric distribution of NuMA around the periphery of the mitotic cell [47] . However, it remains to be established if Plk1 and Ran are important for regulating spindle orientation within epithelial tissues in vivo.
So far, different factors appear to predominate. Simple epithelial tissues expand by division in the plane of the sheet, so a key requirement is to accumulate the LGN-NuMA complex on the lateral cortex and exclude it from the apical and basal domains. Multiple context-dependent mechanisms seem to be involved in this process. In mammalian epithelia, two complementary mechanisms appear to operate, one negative and one positive. Both involve the phosphorylation of LGN by atypical protein kinase C (aPKC) or other kinases. aPKC is a component of the conserved PAR polarity complex and localizes to the apical cortex in epithelial cells throughout the animal kingdom. A key function of aPKC is to exclude non-apical proteins from this domain. One of these proteins is LGN (or Pins), which can be phosphorylated by aPKC in the central linker region that couples the amino-terminal TPR motifs to the carboxy-terminal GoLoco domains [48] . This phosphorylation is recognized by the 14-3-3 protein, the binding of which probably induces a conformational switch, disassociating LGN from Ga, thereby removing LGN from the apical surface. The positive arm of this mechanism involves recognition of the phosphorylated LGN by Discs Large (Dlg) on the lateral cell cortex. Strikingly, the guanylate kinase (GK) domain within this protein has evolved a novel function, losing its kinase activity and gaining the ability to recognize and bind to phosphorylated LGN/Pins [49, 50] . The interaction of Pins with Dlg is particularly important for control of spindle orientation in the Drosophila follicular epithelium [51] . However, in this tissue aPKC is not required for Pins phosphorylation, and it is conceivable that another kinase, perhaps Aurora A, is responsible, as has been reported in Drosophila S2 cells [52] . However, mutation of the serine residue that is known to be phosphorylated by AuroraA/aPKC does not appear to disrupt spindle orientation, so perhaps a different type of interaction with Dlg is involved. Finally, we note that spindle orientation in the chick neuroepithelium is also independent of aPKC, but is still dependent on the formation of a lateral belt of LGN and NuMA [53] . How this belt is organized remains unknown.
So far we have discussed the control of the plane of cell division in simple epithelia. The formation of stratified epithelium, for example in the epidermis, is more complicated, however, as it derives from a progenitor layer (basal cells) that must both self-renew and give rise to multiple layers of differentiated epithelial cells. In principle there are several alternative mechanisms that might enable this process: for example, basal cells might occasionally be delaminated or might crawl out of the basal layer and differentiate. Alternatively, a spindle orientation mechanism might be involved, where horizontal division leads to self-renewal but vertical division generates the outer stratified layers. This last mechanism is used in the skin, whereby vertical divisions are asymmetric such that the lower daughter remains a basal cell and the upper daughter becomes a keratinocyte [54] . Notably, this switch in orientation requires LGN but additionally involves an LGN/Pins-binding protein called Inscuteable (Insc), which was first discovered in studies of Drosophila neuroblasts [55] . These embryonic stem cells arise by delamination from the neuroectoderm and must divide asymmetrically to generate neurons. In the neuroblast an apical crescent containing the called mInsc, is required for the vertical orientation of spindles in epidermal basal cells [54] . Interestingly, Insc and NuMA bind to the same region of LGN/Pins in a mutually exclusive fashion [56] , and it is not clear how the Insc-Pins complex can attach to astral microtubules during mitosis.
What are the biological consequences of defects in mitotic orientation? Given the high level of conservation of the spindle orientation machinery throughout the animal kingdom, and the importance of spindle orientation in stem-cell function and epithelial-tissue organization, one might have predicted that deletion of LGN or Insc would be embryonic lethal in mice. Yet these deletions have remarkably little effect on embryogenesis. Neuroepithelial divisions become randomized but neuronal production rates are unaffected [57] . Similarly, a mInsc knockout is viable, although it presents defects in planar asymmetry of the cochlear hair cells and in lineage specification of cortical progenitors [58, 59] . One explanation might be that related proteins (such as AGS3 and mInsc2) can compensate for the loss of LGN or mInsc. Alternatively, back-up systems might exist in vivo that can restore the correct spindle orientation during mitosis. It will be important to address these issues in the future, and to determine whether loss of epithelial spindle orientation is involved in tumorigenesis. Exciting experiments in Drosophila imaginal discs indicate that cell polarity mutations that disrupt spindle orientation enable the escape of epithelial cells from the tissue through spindle misorientation, but the escaped cells die -possibly through anoikis, a form of apoptosis triggered by loss of attachment to the ECM [60] . However, if cell death is blocked by inhibiting caspases, the escaped cells lose their epithelial character and proliferate to form an extra-epithelial cell mass. Whether this overgrowth occurs in mammals and is a common early step towards cancer remains to be tested.
The Epithelial-Mesenchymal Transition
The epithelial-mesenchymal transition (EMT) is a genetic program characterized by the loss of both tight and apical junctions, loss of apical-basal polarity, and loss of expression of epithelial proteins such as E-cadherin, with a reciprocal increase in the expression of mesenchymal markers such as vimentin. The mesenchymal cells can escape the epithelium and migrate to distant sites within the organism. EMT and the reverse transition (MET) are well-conserved mechanisms that are essential for tissue remodeling and progenitor cell dissemination during development. However, the loss of epithelial character is also associated with an invasive and aggressive type of cancer cell arising from epithelial tissues [61] .
A confusing aspect of EMT is the plethora of factors that induce it. Prrx1, Zeb, Twist, Snail, Gata6, and Sox4 transcription factors all act by directly blocking the expression of crucial components of epithelial identity, including polarity proteins such as Crumbs, Lgl, Patj, and E-cadherin, while driving expression of a mesenchymal gene signature [62] . In turn, these factors both suppress and are suppressed by multiple microRNAs (miRNAs). For example, Zeb and Snail inhibit the expression of the miR-200 miRNA family, which promotes epithelialization. Through a double-negative feedback loop, miR-200 also suppresses Zeb expression. Double-negative circuits are bistable since they will tend to remain in one state ('off' or 'on') until perturbed, when, in the absence of any stabilizing influence, they can flip to the other state ( Figure 5 ). For instance, transforming growth factor beta (TGFb), which induces expression of the Zeb, Snail, Twist and Sox4 families, can be generated in an autocrine loop to stabilize the mesenchymal state (characterized by low miR-200 levels) [63] .
TGFb is a well-known driver of EMT in the context of cancer progression and metastasis. Whereas the canonical pathway downstream of the TGFb receptor modulates gene expression through phosphorylation of the Smad transcription factors, there is an additional pathway that acts through the Par polarity proteins to alter cell behavior. Ligand engagement of the TGFb receptor 2 (TbRII) promotes binding to TbRI and phosphorylation of Par6 on a conserved serine residue, S345 [64] . This phosphorylation can recruit an E3 ubiquitin ligase, Smurf1, to the PAR6 complex, to promote degradation of the RhoA GTPase and disintegration of the tight junctions. However, the canonical Smad pathway also induces expression of the miRNA miR-155, which targets RhoA [65] .
How frequently is EMT induced during the dissemination of epithelial cancers? This is a difficult question to answer and a contentious issue among cancer biologists. Mouse models suggest that Snail is sufficient to induce EMT in primary tumor cells and can promote mammary tumor recurrence, associated with loss of E-cadherin [66] . Moreover, many human invasive breast cancers express the collagen receptor DDR2, which stabilizes Snail and thereby perhaps promotes invasive behavior [67] . Clear differences in cell morphology and behavior are seen at the invasive edges compared with the body of carcinomas -for instance, a loss of cortical E-cadherin localization -suggesting that interactions with the microenvironment can drive a partial EMT response [68] . In support of this idea, a mouse model of pancreatic cancer showed that inflammatory stroma can induce a partial EMT in the tumor cells (resulting in high levels of Zeb1 and also E-cadherin) and rapid dissemination to the liver [69] . However, among human carcinomas, there is no clear association of the EMT master regulators (Zeb, Snail and Twist) with clinical outcome [70] and, using invasive breast cancer as a specific example, some researchers find no consistent differences in expression of EMT regulators between cells located at the invasion front and the center of a tumor [71] . Additionally, Twist expression can induce the dissemination of primary mammary cells without loss of E-cadherin, and silencing of E-cadherin strongly inhibits Twist-mediated dissemination [72] .
A loss of epithelial identity can actually suppress the formation of tumor-initiating cells [73] and acts as a limiting factor for metastatic colonization in mouse models [74, 75] . Moreover, primary human breast cancer cells grown in 3D collagen matrices migrate not as single mesenchymal cells but collectively, as clusters of epithelial-like cells [76] . Loss of the Par3 polarity protein can promote dissemination of Notch-induced epithelial mammary tumors in mice without inducing any overt EMT, and these tumor cells also migrate collectively [77] . Even circulating cancer cells from breast cancer patients are often epithelial in character, and sometimes occur in clusters [78] .
Overall, we conclude that EMT is undoubtedly important in some forms of cancer and can contribute to dissemination and metastasis, but that there are other mechanisms of cancer cell dissemination that do not involve loss of the epithelial phenotype. An interesting experiment would be to induce EMT in isolated cells within an epithelial monolayer and ask if they are able to escape from the tissue, if they extrude basally or apically, or if they are eliminated, as described below, by cell competition.
Cell Competition
The term 'cell competition' was coined in 1975 by Morata and Ripoll [79] , when they observed that clonal patches of cells deficient for ribosomal proteins (known as Minute clones) were overgrown by surrounding cells and eventually eliminated by apoptosis. It was later shown that this remarkable process depended on close-range interactions between the mutant cells and surrounding wild-type tissue. The key feature of cell competition is that interactions between more-fit 'winner' and less-fit 'loser' cells induces elimination of the latter, suggesting that it functions as a form of quality control to remove suboptimal cells ( Figure 6A ). Importantly, less-fit cells can remain viable if they do not encounter stronger neighbors, as evidenced by their ability to form whole functional organs in the absence of competitive interactions [79, 80] . Moreover, cells in the interior of suboptimal clones survive, while those at boundaries with more-fit neighbors are eliminated ( Figure 6A ), supporting the idea that, for this type of competition, cell contact is needed to assess relative fitness. For other drivers of cell competition, such as the dMyc proto-oncogene, effects occur over several cell diameters [81, 82] , suggesting that secreted factors might be involved [82] . Exactly how 'fitness' is defined and assessed remains rather vague, despite intensive research, and seems to differ with the type of defect in the loser cells [83] , but competition often selects cells with greater proliferative ability. This effect is illustrated by dMyc in Drosophila wing imaginal discs. Although total loss of this gene is lethal, flies with hypomorphic dMyc mutations are viable, displaying only minor defects. However, if clonal patches of hypomorphic cells are generated within a wild-type imaginal disc, the surrounding cells induce the hypomorphic cells to apoptose. Conversely, if a clone of dMyc overexpressors is generated, it will outcompete neighboring normal cells ( Figure 6B ) [84] . Such overexpressing cells are termed 'supercompetitors' [81] , and these studies demonstrate that the measure of fitness between neighboring cells is relative rather than absolute ( Figure 6 ). A similar mechanism monitors for defects in genes that control epithelial cell structure. For example, Scribble (Scrib) is a highly conserved regulator of apical-basal polarity in fly epithelial tissues that also behaves as a tumor suppressor [85] . Larvae carrying homozygous mutations for this gene develop normally, as long as the maternal supply of Scrib is maintained, but, upon depletion, the epithelial tissues lose polarity and become insensitive to size control [85] . Similar effects have been reported for mutations in another polarity regulator/tumor suppressor, Lethal giant larvae (Lgl). The cells overgrow, and the larvae die as large masses of poorly differentiated tissue. If, however, clones of cells deficient for Scrib are generated in wing imaginal discs, interactions with surrounding wild-type cells and circulating hemocytes eliminate the compromised cells through a complicated network of signals that requires tumor necrosis factor a-mediated JNK activation and JAK/STAT signaling in the normal neighbors, and Hippo signaling and JNK-mediated apoptosis in the defective cells [86] [87] [88] . Interestingly, JNK activation in the surrounding normal cells promotes the engulfment of their Scrib-defective neighbors [89] . These findings indicate that cell competition acts to eliminate cells that threaten normal tissue integrity or have tumorigenic potential.
Cell competition can also eliminate clones that express activated oncogenes. Cells with aberrant activation of dSrc signaling (via dominant-negative mutations in Csk, a kinase that inhibits dSrc) form viable, though overgrown tissues when uniformly expressed in the eye and wing disc. However, when mosaic expression is induced in the wing, the transformed cells are extruded basally. This extrusion involves relocalization of E-cadherin and p120 catenin within cells, depends upon JNK activity, and is associated with JNK-dependent apoptosis [90] . Notably, only cells in close proximity to wild-type cells undergo apoptosis and delamination. The same authors demonstrated that a similar phenotype is observed at the interface between human squamous cell carcinomas and the surrounding normal tissue, albeit without determining the mechanism involved [68] . However, cells expressing oncogenic Ras are not eliminated but are hyperproliferative and, in the context of a Scrib mutation, become super-competitors that form invasive tumors, through subversion of the same signaling pathways that would normally trigger apoptosis in the Scrib-defective cells ( Figure 6C) [87, [91] [92] [93] . Different oncogenic proteins can, therefore, exert very different effects depending on the cellular context.
Mammalian cells have also been observed to detect and react to transformed cells in culture. When MDCK cells expressing constitutively active Ras are surrounded by wildtype cells, some of the Ras-transformed cells are extruded apically from the epithelial sheet in a process that depends upon myosin II activation and actin polymerization [24] , but the majority invade the basal matrix in a manner reminiscent of Csk-deficient Drosophila cells. This choice of direction appears to be controlled by S1P, which, as described above, also determines extrusion of apoptotic cells. Ras transformation promotes autophagy, resulting in the destruction of both S1P and its receptor S1P2, which are required for apical extrusion. However, this directionality is not generalizable to all oncogenes, as Src-transformed MDCK cells surrounded by wild-type counterparts are extruded only apically.
Does classical cell competition occur between mammalian cells? In two-dimensional culture, MDCK cells that are deficient for either the polarity regulator Scrib or Mahjong, which interacts with Lgl, undergo apoptosis when surrounded by wild-type neighbors [94, 95] . Moreover, while these cells are extruded from the cell monolayer via myosin-mediated contractility, the apoptosis observed is not dependent upon extrusion. Also, cell death and extrusion are not observed in homogenously transformed cells. While these findings have yet to be demonstrated in vivo in mammalian tissue, they do show that mammalian epithelia appear capable of undergoing cell competition in a way that is analogous to Drosophila tissues.
That said, there is some limited in vivo evidence for cell competition in mammals, albeit not in mature epithelial compartments. In elegant studies utilizing p53 heterozygous mutant mice, Bondar and Medzhitov [96] showed that cells expressing lower levels of p53 outcompete their wild-type counterparts in mice when repopulating lethally irradiated hematopoietic compartments. This competition, however, was distinct from that seen in the Drosophila epithelium because it involved senescence rather than apoptosis of loser cells. Two recent papers have also reported competition between pluripotent stem cells in the inner cell mass of mouse embryos that closely resembles competition seen in flies [97, 98] . This competition involves sensing of differential cMyc expression in adjacent cells, with loser cells undergoing apoptosis.
Finally, an interesting concept is that some genes might not promote cell competition but actually suppress it, to prevent exploitative overgrowth during embryogenesis by a minority of super-competitors. A genome-wide screen in induced pluripotent stem cells has in fact detected such genes [99] . Olfactory receptors, p53, and topoisomerase 1 were identified as central players that, when downregulated, enabled out-competition with wild-type cells in the mouse embryo, without perturbing normal development. It remains unclear, however, whether these genes normally suppress competition or work through a distinct mechanism.
Definitive studies of epithelial cell competition in mammalian models await the development of genetic tools and in vivo imaging methods to establish and monitor winner and loser clones in mouse tissues. However, the current evidence leads us to speculate that cell competition is a highly conserved mechanism for maximizing tissue fitness and might contribute to epithelial integrity. It will be of great interest to determine whether sphingosine signaling plays any role in classical cell competition both in Drosophila and in mammals.
Conclusions
Recent work has deepened our understanding of epithelial homeostasis and has revealed unexpectedly high degrees of control by physical forces acting on epithelial cells. The discoveries that crowding can induce extrusion while reduced tension promotes proliferation are likely to provide new insights into tissue morphogenesis. Spindle orientation is also important in morphogenesis and stem cell function, and likely plays a role in cancer initiation. Many signaling pathways impinge on spindle orientation and much remains to be learned about its control. Similarly, the signaling mechanisms underlying cell competition are still something of a mystery, and it will be important to investigate possible links between competition and other mechanisms of epithelial homeostasis, both mechanical and biological. We foresee eventual applications of this knowledge not just in deepening our understanding of tumorigenesis, but also in the bioengineering of epithelial tissues for regenerative medicine.
